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a b s t r a c t
Axial patterning of the developing eye is critically important for proper axonal pathﬁnding as well as for
key morphogenetic events, such as closure of the optic ﬁssure. The dorsal retina is initially speciﬁed by
the actions of Bone Morphogenetic Protein (BMP) signaling, with such identity subsequently maintained
by the Wnt-β catenin pathway. Using zebraﬁsh as a model system, we demonstrate that Secreted
frizzled-related protein 1a (Sfrp1a) and Sfrp5 work cooperatively to pattern the retina along the dorso-
ventral axis. Sfrp1a/5 depleted embryos display a reduction in dorsal marker gene expression that is
consistent with defects in BMP- and Wnt-dependent dorsal retina identity. In accord with this ﬁnding,
we observe a marked reduction in transgenic reporters of BMP and Wnt signaling within the dorsal
retina of Sfrp1a/5 depleted embryos. In contrast to studies in which canonical Wnt signaling is blocked,
we note an increase in BMP ligand expression in Sfrp1a/5 depleted embryos, a phenotype similar to that
seen in embryos with inhibited BMP signaling. Overexpression of a low dose of sfrp5 mRNA causes an
increase in dorsal retina marker gene expression. We propose a model in which Sfrp proteins function as
facilitators of both BMP and Wnt signaling within the dorsal retina.
& 2014 Elsevier Inc. All rights reserved.
Introduction
A functional visual system requires precise axonal connections
between the retina and brain. Retinal ganglion cell (RGC) projections
create a topographic (or retinotopic) map of the visual ﬁeld in the
brain0s visual processing center. Patterning of the developing retina
deﬁnes dorso-ventral and naso-temporal axes, thereby specifying
expression domains of axon guidance molecules in RGCs. Axes are
initiated by coordinated actions of extracellular signaling molecules,
establishing the expression domains of transcription factors in the
dorsal, ventral, nasal, and temporal quadrants (reviewed in (Lemke
and Reber, 2005)). Retinal transcription factors subsequently activate
expression of the guidance cue molecules, Eph and Ephrin, receptor–
ligand pairs that mediate changes in the cytoskeleton of RGC growth
cones during axon guidance (Scicolone et al., 2009).
Sonic Hedgehog (Shh) signaling from the midline and optic stalk
establishes ventral retina identity (Ekker et al., 1995; Sasagawa et al.,
2002; Zhang and Yang, 2001). Opposing this signal, extraocular
Bone Morphogenetic Proteins (BMPs), which are located lateral
to the evaginating optic vesicle, initiate dorsal identity (Adler and
Belecky-Adams, 2002; French et al., 2009; Gosse and Baier, 2009).
Initiation of dorsal retina identity is apparent just after evagination of
the optic vesicle in zebraﬁsh, with markers such as t-box 5a (tbx5a)
and BMP and activin membrane bound inhibitor a (bambia) expressed at
12 hours post fertilization (hpf) in zebraﬁsh. Embryos lacking either of
two BMPs, gdf6a (growth differentiation factor 6a) or bmp2b, display
profound defects in dorsal retina patterning, including decreased
expression of tbx5a and bambia (French et al., 2009; Kruse-Bend
et al., 2012). Dorsal and ventral retina identities mutually inhibit
each other to ensure neither tissue encompasses the entire retina.
Ectopic expression of ventral genes expands ventral identity at the
expense of dorsal retina; ventral anterior homeobox 2 (vax2) mRNA
overexpression in Xenopus causes a marked expansion of other ventral
markers such as pax2 and a reduction in the dorsal marker vent2
(Barbieri et al., 1999). Ventralization of the retina is also associated
with aberrant RGC projection, where nearly all dorsal RGCs misproject
(Sakuta et al., 2001; Schulte et al., 1999). Alterations of dorsal markers
can also inﬂuence the ventral retina. Reduction in the dorsally
expressed gdf6a causes ventralization, with a complete expansion of
vax2 into the dorsal-most region of the retina (French et al., 2009;
Gosse and Baier, 2009). Conversely, overexpression of the dorsal retina
gene bmp4 in mouse dorsalizes the retina and reduces the expression
domain of vax2 (Behesti et al., 2006). Overexpression of chick Tbx5
mRNA also dorsalizes the retina, though with more subtle changes
in retinotopic mapping than vax2-induced retina ventralization
(Koshiba-Takeuchi et al., 2000).
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Wnt signaling, likely emanating from the RPE (Retinal Pigmen-
ted Epithelium), has been implicated in the maintenance of dorsal
retina identity. Initiation of ocular Wnt signaling in zebraﬁsh,
as determined by the Wnt signaling transgenic, Tg(TOP:dGFP)w25
(Dorsky et al., 2002), occurs after optic vesicle formation and
initiation of dorsal–ventral eye patterning (Veien et al., 2008). To
date, only three wnt genes have documented expression in the
developing zebraﬁsh eye. Wnt11r has lens-speciﬁc expression and
wnt2 and wnt8b are expressed in the RPE between 14 and 16 hpf.
Overexpression of the Wnt inhibitors dickkopf 1b (dkk1b) or
dominant negative tcf7la (the zebraﬁsh ortholog of mouse Tcf3)
inhibits canonical Wnt signaling. In congruence with canonical
Wnt activity appearing subsequent to dorsal–ventral retina axis
initiation, blockade of Wnt signaling does not affect expression
of early dorsal or ventral retina markers (Veien et al., 2008).
However, embryos at later stages display severe defects in dorsal
retina gene maintenance including loss of aldh1a2, tbx5a, and
bambia and the ablation of the dorsally expressed BMP ligands,
bmp2b, bmp4, and gdf6a. Dorsal eye phenotypes caused by loss of
Wnt signaling are rescued by overexpressing bmp4, a member of
the Bone Morphogenic Protein (BMP) family. This leads to the
model that Wnts act upstream of BMP signaling during the retinal
maintenance phase to establish proper dorso-ventral patterning in
the retina (Veien et al., 2008). In support of this, mutation of the
mouse Frizzled (Fz) co-receptor, Lrp6, causes ocular defects includ-
ing an expansion of ventral markers (Vax2) at the expense of
dorsal ones (Tbx5 and Bmp4) (Zhou et al., 2008,2010).
Robust speciﬁcation of axial pattern typically requires both mor-
phogens and opposing antagonists. We have previously shown that
BMP signaling in the dorsal retina antagonizes and constrains the
ventral domain (French et al., 2009). However, a ventral antagonist of
the dorsal BMP and Wnt signaling has yet to be identiﬁed. As the
dorsal retina is speciﬁed by BMP and Wnt signaling, researchers
searched for ventral retina-speciﬁc molecules known to inhibit the
activities of these growth factors. BMP signaling is opposed by the
chordin, noggin, and follistatin gene families (reviewed in (Thomsen,
1997)). A chordin-related chick gene, ventroptin, speciﬁes ventral
retina identity by antagonizing dorsal BMP ligands (Sakuta et al.,
2001). However, ventroptin expression has thus far only been identi-
ﬁed in the chick leaving the identity of a zebraﬁsh ventral antagonist
unclear. Our goal was therefore to identify molecules that modulate
retinal BMP or Wnt signaling during retinal patterning.
Wnt signaling is modulated by Secreted frizzled-related proteins
(Sfrps), a family of extracellular proteins that contain a Cysteine-Rich
Domain (CRD) that is homologous to the extracellular portion of
the Wnt-binding receptor, Fz. Based on their structural similarity
to the CRD of the Fz receptor, Sfrps were classically assumed to be
Wnt inhibitors. In support of this model of Sfrp function, original
experiments investigating the relationship between Sfrps and Wnts
showed that Xenopus sfrp3 (zebraﬁsh frzb) mRNA rescues the
ventralization phenotypes resulting from wnt8 mRNA overexpres-
sion (Leyns et al., 1997; Wang et al., 1997). Similar conclusions were
also obtained in zebraﬁsh following rescue of wnt8b ventralization
phenotypes with sfrp1a mRNA overexpression (Kim et al., 2007).
Furthermore, overexpression of wnt11 can rescue foregut defects
caused by sfrp5 overexpression in Xenopus (Li et al., 2008). Recent
experiments, however, have led to an emerging model whereby Sfrp
function is dependent on both dose and context (Esteve et al., 2011;
Lopez-Rios et al., 2008). The simple model that Sfrp proteins target
only Wnt signaling has also been questioned, with evidence that the
sfrp-related sizzled functions to oppose embryonic BMP signaling
(Muraoka et al., 2006).
To identify potential modulators of retinal BMP and Wnt
signaling, we cloned sfrp genes that are expressed in the early
zebraﬁsh retina. The zebraﬁsh genome contains seven known sfrp
genes: sfrp1a, sfrp1b, sfrp2, sfrp3 (frzb), sfrp5, sizzled, and tlc. On the
basis of phylogenetic analysis, sfrp1a, sfrp1b, sfrp2, and sfrp5 are
more closely related (Tendeng and Houart, 2006). In this study,
we focused on sfrp1a and sfrp5, which are both expressed in the
developing retina at the time of retinal patterning. Using morpho-
lino knockdown, we unexpectedly determined that sfrp1a and
sfrp5 function as Wnt and BMP signaling facilitators during retinal
development. Loss of sfrp1a and sfrp5 leads to reduction in the
expression domain of dorsal patterning markers as well as BMP
and Wnt signaling reporters. Furthermore, we show that Sfrp1a
and Sfrp5 are also involved in choroid ﬁssure fusion, a morpho-
logical process known to require proper retinal patterning. On
the basis of careful analysis of dorsal retina gene expression we
propose a model whereby sfrp1a and sfrp5 act to facilitate BMP
signaling during initiation of dorsal retina identity, while during
the maintenance phase sfrp1a and sfrp5 enhance activation of Wnt
signaling therefore maintaining dorso-ventral axis patterning.
Materials and methods
Zebraﬁsh strains and morpholinos
Animal protocols were consistent with guidelines by the Canadian
Council of Animal Care and approved by the University of Alberta0s
Animal Care and Use Committee (Protocol #427). All experiments
were performed using the wildtype AB zebraﬁsh strain, with the
exception of experiments utilizing the Tg(Olrx3:eGFP) (generated using
oryzias latipes rx3 promoter (Rembold et al., 2006)), Tg(BMPRE-AAV.
Mlp:eGFP) (Collery and Link, 2011), Tg(TOP:dGFP)w25 (Dorsky et al.,
2002), or Tg(hsp701:dkk1b-GFP)w32 (Stoick-Cooper et al., 2007) trans-
genic strains. Embryos were grown at 25.5–33 1C and staged according
to developmental hallmarks (Kimmel et al., 1995). Morpholino oligo-
nucleotides (MO; GeneTools) were heated at 65 1C for 10 min and
allowed to cool before injecting into 1–4 cell stage zebraﬁsh embryos.
Splice-blocking MOs targeting sfrp1a (sfrp1a-MO1: TAGTCATTTAG-
ACTTACCGTTGGGT) and sfrp5 (sfrp5-MO1: TGAGTGCTGTAGATAGAA-
CAAAA-GA) were co-injected, each at 3 ng doses. Morpholino
speciﬁcity was conﬁrmed through the use of RT-PCR, which showed
reduced levels of correctly spliced transcript (data not shown).
Morphological phenotypes were also recapitulated by injecting
non-overlapping splice-blocking and translation-blocking MOs: sfrp1a
(non-overlapping splice-block)-MO2: TGTCCTGAAAGAGAGAAAATGC-
TGT; sfrp1a (translation-block)-MO3: GGACAAAGATGCAAGGGACTT-
CATT; sfrp5 (translation-block)-MO2: ACACCTGCCTCTTCAGCTCCGC
CAT. Gdf6a MOs were previously shown to effectively and speciﬁ-
cally knockdown Gdf6a protein and recapitulate the phenotype of
gdf6a /s327 mutants (French et al., 2009).
Live imaging
Prior to imaging, embryos were injected with 3 ng each of sfrp
1a-MO1 and sfrp5-MO1 into the Tg(Olrx3:GFP) strain of zebraﬁsh.
Dechorionated wildtype (uninjected) and sfrp1a/sfrp5 morpholino
injected embryos (18 hpf) were laterally mounted in low melting
point agarose (1.5%) and submerged in embryo media. Images were
taken using a Zeiss Axio Imager Z1, Zeiss LSM700 laser confocal
scanner, and a 20 water-emersion objective lens. The Zeiss Zen
software was programmed to image every 10 min over a span of
24 h, with ambient temperature maintained at 28 1C.
Whole mount in situ hybridization and immunoﬂuorescence
Analysis of mRNA expression by whole mount in situ hybridi-
zation was performed as previously described (French et al., 2009;
Gongal and Waskiewicz, 2008). RT-PCR was used to generate
600–1000 bp templates for direct probe synthesis or sub-cloned
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into pCR4-TOPO (Invitrogen). Immunoﬂuorescence was performed
as previously described (French et al., 2009) using a rabbit polyclonal
speciﬁc for Laminin (1/200) (Sigma L9393). For immunoﬂuorescence
experiments, embryos (48 hpf) were permeabilized with a 10 μg/ml
Proteinase K treatment for 5 min, followed by a second permeabi-
lization step with 100% acetone for 7 min at 20 1C. After immuno-
ﬂuorescence or in situ protocol, embryos were manually deyolked,
and photographed using a Zeiss AxioImager Z1 compound micro-
scope and an Axiocam HR digital camera or an Olympus stereoscope
with a Qimaging micropublisher camera. All in situ experiments
were repeated 2 or more times, with % representing the proportion
of embryos with altered expression and n representing number of
embryos analyzed.
Quantitative real-time PCR (qRT-PCR)
Primer validation was conducted prior to cDNA analysis as
previously described (Pillay et al., 2010). GFP and elongation factor
1-alpha (ef1α) (endogenous control) primer sequences were chosen
from the Universal Probe Library Assay Design Center for Zebraﬁsh
(Roche). Primer sequences are GFP-F, GTGGTGCCCATCCTGGTCG;
GFP-R, AGCTTGCCGTAGGTGGCAT; ef1α-F, CTTTCGTCCCAATTTCAGG;
ef1α-R, CCTTGAACCAGCCCATGT, bmp2b-F, TAGGAGACGACGGGAACG;
bmp2b-R, GCGACCATGATCAGTCAGTTC; bmp4-F, CCCATGCTTTAT-
TTTCTGTCG; bmp4-R, CTCCCAGTAGGACTTGGCATA; wnt2-F, CATGA-
ACCTGCACAACAACC; wnt2-R, CACCATGACACTTACACTCCAGAT;
wnt8b-F, TTTGGAGGTTTATTATTACGCTTTC; wnt8b-R, GGCCGGTCAT-
CAGGAAAT; tbx5a-F, TGGACAAAGTTTCATGAAGTGG; tbx5a-R, GTTC
AACCCGGTGACCTTC. cDNA was synthesized using RNA isolated using
RNAqueous (Ambion) from 28 hpf (control or sfrp1a/sfrp5 MO
injected) or from 15 hpf (control or sfrp5 mRNA injected) embryos
and qRT-PCR performed as previously described (Pillay et al., 2010).
Heat shock experiments
Heat shock experiments from the Tg(hsp701:dkk1b-GFP)w32
strain (Stoick-Cooper et al., 2007) were performed as previously
described (Veien et al., 2008). Embryos (12 hpf) from outcrosses of
heterozygous Tg(hsp701:dkk1b-GFP) trangenics to wildtype ABs
were incubated at 39 1C for 2 h and screened for GFP ﬂuorescence
prior to ﬁxation in 4% PFA. The effectiveness of the heat shock
treatment was assessed by recapitulation of reported effects on
BMP ligand expression (Veien et al., 2008).
Dorsomorphin treatment
Dechorionated embryos were incubated in Dorsomorphin
(100 μM; BioMol, PA) beginning at tailbud stage until ﬁxation at
28 hpf. Dorsomorphin was dissolved in DMSO and added to ﬁsh-
water. Wildtype embryos were incubated in an equal volume of
DMSO/ﬁshwater.
Statistical analyses of eye size, prevalences, intensities, and gene
expression
For measurement of eye size, morpholino injected embryos
were grown to 48 hpf and ﬁxed in 4% PFA. Fixed embryos
were imaged using an Olympus stereoscope with a Qimaging
micropublisher camera. Eye size was measured using ImageJ
software. Since the analyzed data had greater than two treatment
conditions, statistical analysis was performed using ANOVA.
For prevalences of phenotypes (i.e. coloboma, proportion of
embryos with affected gene expression), experiments were repeated
3 times and n-values represent pooled data from all experiments.
Data represent prevalence as a percentage of total, reported with
errors þ/ standard deviation. Given that this is categorical data,
we used Fisher0s Exact to analyze results for statistical signiﬁcance.
When multiple comparisons were made (prevalence of coloboma in
singly or doubly MO injected embryos), a Bonferroni correction was
used to obtain a corrected p-value.
Tg(BMPRE-AAV.Mlp:eGFP) embryos injected with sfrp1a/5 MO
were grown to 28 hpf and ﬁxed in 4% PFA. Eyes were dissected,
mounted in glycerol and imaged with a Zeiss Axio Imager Z1, Zeiss
LSM700 laser confocal scanner with a 20 lens using Zeiss Zen
software. Mean ﬂuorescence intensity was measured using ImageJ
software and analyzed for statistical signiﬁcance using an unpaired
student0s t-test.
Phalloidin staining and sectioning
Embryos were grown to 48 hpf and ﬁxed in 4% PFA. Fixed
embryos were permeabilized in 4% Triton-X100 (Sigma) and
incubated with Alexa-488 phalloidin (1/100, Invitrogen) over night
at 4 1C. Embryos were washed in 1X TBST and incubated in TO-
PRO3 (1/1000) (Invitrogen) for 30 min. Eyes were sectioned using
a tungsten wire and mounted. Images were collected using the
Zeiss Axio Imager Z1, Zeiss LSM700 laser confocal scanner with a
20X objective using the Zeiss Zen software.
mRNA constructs and injections
The full coding domain of zebraﬁsh sfrp5 mRNA (Ensembl tran-
script ID: ENSDART00000056996) was cloned into pCS2þ . The
construct was linearized with SacII (NEB) and mRNA was genera-
ted from linearized templates using the SP6 mMessage mMachine
kit (Ambion). mRNA was puriﬁed using YM-50 Microcon columns
(Amicon, Millipore) and the concentration was determined through
spectrophotometry. The mRNA was diluted with DEPC-treated water
prior to injection. Embryos were injected with doses of 1 pg or 100 pg
at the single-cell stage. All mRNA overexpression experiments were
performed at least 3 times.
Results
Dorsal retina identity is initiated by BMP signaling and independent
of Wnt signaling
Dorsal retina identity, as denoted by expression of the transcrip-
tion factor tbx5a, initiates in the optic vesicle at 12 hpf (French et al.,
2009; Veien et al., 2008). Just an hour later, vax2 and bambia are
expressed in the optic vesicle0s ventral and dorsal regions, respec-
tively. The combined activities of BMP and Wnt signaling pathways
are necessary to specify dorsal–ventral patterning within the
presumptive retina (French et al., 2009; Gosse and Baier, 2009;
Kruse-Bend et al., 2012). To evaluate their respective roles in initiating
dorsal identity, we analyzed zebraﬁsh embryos lacking either BMP
(gdf6a knockdown) or Wnt signaling (via Tg(hsp701:dkk1b-GFP)).
Embryos injected with gdf6amorpholino display a loss of both bambia
and tbx5a expression at 15 hpf (Fig. 1A,C,G,I) and an expansion of
ventral-speciﬁc vax2 (Fig. 1D,F) (French et al., 2009). To inhibit
canonical Wnt signaling, we employed a strain possessing a heat
shock inducible dickkopf1b transgene, Tg(hsp701:dkk1b-GFP) (Veien
et al., 2008). Heat shock treatment of such embryos at 9 hpf, causes no
discernable alteration in the initiation phase of dorso-ventral pattern-
ing as tbx5a, bambia and vax2 expression is unaffected (Fig. 1A–B,D–E,
G–H). On the basis of this experiment and previously published
reports on BMP and Wnt signaling, we conclude that initiation of
dorsal retina identity is regulated by BMP signaling withWnt signaling
required only for subsequent maintenance (French et al., 2009; Gosse
and Baier, 2009; Veien et al., 2008).
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sfrp1a and sfrp5 are expressed in the zebraﬁsh optic vesicle and retina
during stages of dorso-ventral axis initiation and maintenance
Both BMP and Wnt signaling pathways are modulated by the
activities of secreted proteins, including noggin, chordin, follistatin,
and secreted frizzled related proteins (sfrp). We focused on the Sfrp
family of secreted growth factor modulators, as Sfrp1a and Tlc
have previously been shown to inhibit zebraﬁsh Wnt signaling
(Houart et al., 2002; Kim et al., 2007). The expression patterns of
zebraﬁsh secreted frizzled-related protein 1a (sfrp1a), sfrp1b, sfrp2,
sfrp3, and sfrp5 between 40% epiboly and 48 hpf have been
published (Tendeng and Houart, 2006). Only sfrp1a, sfrp2, and
sfrp5 are expressed in the developing zebraﬁsh eye. To investigate
the precise spatio-temporal expression of sfrp genes during eye
morphogenesis, we performed whole mount in situ hybridization
for sfrp1a, sfrp2, and sfrp5. Retinal sfrp1a mRNA is readily detect-
able at 12 hpf, encompassing both ventral and dorsal regions
(Fig. 2A). By 15 and 18 hpf, retinal expression of sfrp1a persists,
with the exception of a small region of dorsal tissue, from which
sfrp1a is excluded (Fig. 2B–C). By 25–36 hpf, sfrp1a expression is
maintained in the ventral retina with slightly higher levels
observed temporally (Fig. 2D–E). By 48 hpf, expression is restricted
to the closing choroid ﬁssure (Fig. 2F). At 12–18 hpf, the expression
of sfrp5, although similar to sfrp1a, is more restricted to presump-
tive ventral retinal tissues (Fig. 2G–I). By 25–36 hpf, expression of
sfrp5 is noticeably weaker and by 48 hpf, signal is not detected
(Fig. 2J–L). In contrast to the retina-speciﬁc expression patterns of
sfrp1a and sfrp5, sfrp2 is barely detectable and restricted to the RPE
Fig. 1. BMP signaling regulates initiation of dorso-ventral retina patterning. To examine the roles of extra cellular signaling pathways in initiating dorsal retina identity, we
carried out in situ hybridization for dorsal (tbx5a, bambia) and ventral (vax2) retina markers in 15 hours post fertilization (hpf) embryos. To block Wnt signaling, we utilized a
heat shock inducible Wnt inhibitor Dickkopf 1b (Dkk1b). In parallel, we blocked BMP signaling by injecting embryos with morpholinos targeting growth differentiation factor
6a (gdf6a MO). Dorsal retina genes tbx5a (A-C), and bambia (G-I) are signiﬁcantly reduced in the absence of BMP but not Wnt signaling. The ventral retina gene vax2 (D-F) is
also unaffected by the absence of Wnt signaling, while slightly expanded in embryos lacking BMP signaling. All embryos are shown in dorsal mount with anterior aligned to
the left.
Fig. 2. sfrp1a and sfrp5 mRNAs are expressed in the eye during retinal development. The spatio-temporal pattern of secreted frizzled related protein (sfrp) mRNA expression
was assessed using whole mount in situ during zebraﬁsh eye development. Initial expression of sfrp1a demarcates the presumptive eye ﬁeld (A,B) with later stages
displaying patterns speciﬁc to the presumptive ventral retina (C–E). Expression of sfrp1a persists in the ventral retina up to 48 hpf where it becomes constrained to the
choroid ﬁssure (F). In contrast, sfrp5 expression is more ventrally restricted early (G–I), then decreases signiﬁcantly from 25 hpf and is absent from the retina by 48 hpf (J–L).
Embryos shown are ﬂat-mounted in dorsal (A–C,G–I) or lateral views of dissected eyes (D–F, J–L).
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in later stages (Supplementary Fig. 1). As such, we concentrated
our efforts on the function of zebraﬁsh sfrp1a and sfrp5 during
dorso-ventral retina patterning.
sfrp1a and sfrp5 act synergistically during retinal morphogenesis
Mouse Sfrp1 and Sfrp2 have been previously shown to act
cooperatively during patterning of the dorsal optic cup (Esteve
et al., 2011). In zebraﬁsh, sfrp1a and sfrp5 share domains of over-
lapping expression in the ventral eye during morphogenesis (Fig. 2).
To block the activity of zebraﬁsh Sfrp1a and Sfrp5, we utilized gene-
speciﬁc morpholino oligonucleotides (MOs) that inhibit translation
or splicing of the mRNA. Separate injection of a 3 ng dose of either
sfrp1a or sfrp5 MO fails to elicit overt ocular phenotypes. Compared
to wild type, eye size is unchanged in the embryos singly injected
with sfrp MOs (Fig. 3A–C). However co-injection of both morpholi-
nos results in a statistically signiﬁcant reduction of eye size
(9% þ/1.4 reduction in retinal area, n¼53, po0.05), when
compared to embryos injected singly with sfrp1a or sfrp5 MOs
(Fig. 3A–D, I). We also note existence of a dorsal retina groove in
embryos coinjected with sfrp1a/5 MOs (Fig. 3D). In addition to eye
size, we also examined retinal architecture by analyzing phalloidin
staining in retinal sections. At 48 hpf, sfrp1a or sfrp5 MO injected
embryos display no overt retinal phenotype (Fig. 3E–F).
To visualize and quantitate the occurrence of coloboma, we
immunostained embryos with antibodies directed against the
basement membrane component Laminin. Laminin is degraded
during optic ﬁssure closure as the two lobes of the eye fuse.
In wildtype embryos at 48 hpf we observe the complete apposition
of retinal lobes and initiation of Laminin dissolution (Fig. 3G). Both
sfrp1a (prevalence: 2.6% þ/ 3.6, n¼75) and sfrp5 (prevalence:
2.9% þ/1 4.0, n¼64) morpholino injected embryos display low
frequencies of ocular coloboma at 48 hpf, as measured by retained
Laminin immunoreactivity between nasal and temporal lobes.
However, co-injection of both sfrp1a and sfrp5 MOs (3 ng of each)
results in a signiﬁcantly increased prevalence of ocular coloboma in
comparison to singly injected embryos (prevalence: 46.3% þ/ 4.5,
n¼76, po0.0036) (Fig. 3G–H,J). Similar phenotypes were
observed with non-overlapping MOs, indicating the speciﬁcity
of observed results (Supplementary Fig. 2). Such data is indicative
of a role for Sfrp1a and Sfrp5 in regulating aspects of retinal
patterning that are central to closure of the ventral optic ﬁssure, a
phenotype that is also seen in embryos with loss of BMP or Wnt
signaling.
We further analyzed the consequence of sfrp1a/5MO knockdown
on retinal morphogenesis by performing confocal microscopy on live
Tg(Olrx3:GFP) embryos, which express GFP in the developing retina.
Time-lapse imaging reveals that embryos injected with both sfrp1a/5
MOs display optic cup formation and apposition of the retinal lobes
in a similar fashion to wildtype controls (Supplementary Fig. 3). We
do, however, observe that 25.7% (þ/ 0.71, n¼ 66, po0.0001) of
sfrp1a/5 MO co-injected embryos display thinning of the ventral
retina tissue (Supplementary Fig. 3). From our analyses of morphol-
ogy, ﬁssure closure, and morphogenesis, we conclude that sfrp1a
and sfrp5 function cooperatively to regulate retinal development in
zebraﬁsh.
Fig. 3. sfrp1a and sfrp5 depletion leads to small eyes and coloboma. To ascertain the function of Sfrp proteins during retinal development, we injected one-cell stage
zebraﬁsh embryos with morpholinos (MO) targeting sfrp1a and/or sfrp5. Embryos injected singly with 3 ng of sfrp1a or sfrp5MO display overtly normal eye size at 25 hpf (A–C).
In contrast, sfrp1a/5 MO co-injected embryos (3 ng each MO) display smaller eyes (D, I) (n, po0.05; nn, po0.01, ANOVA). 48 hpf retinas stained with phalloidin and
TO-PRO3 display no overt difference between wildtype and sfrp1a/5 MO co-injected embryos (E–F). At 48 hpf WT embryos display a dissolution of Laminin staining at the
choroid ﬁssure (G). sfrp1a/5 MO embryos display persistent Laminin staining at the choroid ﬁssure, indicating a coloboma phenotype (G,H). The increase in observed
coloboma frequency is statistically signiﬁcant (nnn, po0.0036, Fisher0s Exact) when compared with wild type or embryos injected singly with Sfrp MOs (J).
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sfrp1a and sfrp5 are required for canonical Wnt signaling in the
retina
Sfrps are known modulators of Wnt signaling with context-
dependent roles inhibiting or facilitating pathway activity. Cano-
nical Wnt signaling is essential for maintenance of dorsal retina
genes in zebraﬁsh (Veien et al., 2008; Zhou et al., 2008). Investiga-
tion of mouse Sfrp1 and Sfrp2 function during eye development
revealed a novel role for facilitation of Wnt signaling and diffusion
in the dorsal optic cup (Esteve et al., 2011). We detect changes in
canonical Wnt signaling in the eyes of sfrp1a/sfrp5 MO injected
embryos using the Tg(TOP:dGFP)w25 transgenic strain, which pro-
vides a readout of β-catenin-dependent Lef1 transcriptional activ-
ity (Dorsky et al., 2002). We utilized in situ hybridization to detect
GFP mRNA, as this is more sensitive than directly visualizing GFP
signal using confocal microscopy. In situ hybridization against GFP
in the Tg(TOP:dGFP)w25 strain reveals that Sfrp1a/5 are required for
normal Wnt signaling. Overall, 81.6% (þ/ 19.1, n¼59, po0.0001)
of sfrp1a/5MO injected embryos display reduced expression levels
and domain of GFP throughout the body at 28 hpf (Fig. 4A–B;
Supplementary Fig. 4). To conﬁrm this ﬁnding, we utilized quanti-
tative real-time PCR on RNA isolated from whole embryos, with
results showing a 0.73 fold change (po0.001) in GFP transcript
levels in sfrp1a/sfrp5 MO injected embryos as compared to unin-
jected control embryos (Fig. 4C). Consistent with reports on mouse
Sfrp1/2, our data demonstrate that zebraﬁsh sfrp1a and sfrp5 act as
facilitators of dorsal retina Wnt signaling.
Changes to Wnt signaling could be accounted for by alterations
in wnt gene expression. Two genes, wnt2 and wnt8b, are expressed
in the retinal pigmented epithelium (RPE) during eye development
and are candidate ligands in regulating dorsal retina identity
(Veien et al., 2008). To analyze wnt2 and wnt8b expression, we
performed whole mount in situ hybridization on sfrp1a/5 MO
injected embryos. Of such embryos, 81.6% (þ/ 2.2, n¼59,
po0.0001) display expanded wnt2 mRNA and 58.6% (þ/ 16.7,
n¼63, po0.0001) express an expanded domain ofwnt8b at 28 hpf
in the RPE (Fig. 4D–G). We sought to conﬁrm these results by
performing qRT-PCR of wnt2 and wnt8b mRNA in sfrp1a/5 MO
injected embryos at 28 hpf. Such analyses indicate a statistically
signiﬁcant 1.38 fold change (po0.0001) in wnt2mRNA levels,
while wnt8b displays a 1.33 fold change (po0.0054) (Fig. 4H).
Expanded wnt gene expression with concurrent decreases in Wnt
signaling suggests a block in the pathway downstream of wnt gene
transcription, and is consistent with a model where sfrp1a and
sfrp5 act as extracellular facilitators of retinal Wnt activity.
Depletion of sfrp1a and sfrp5 causes alterations to dorso-ventral
retina axis patterning
Wnt signaling is required for the maintenance of dorsal identity
during retinal morphogenesis. In light of our ﬁndings that sfrp1a
and sfrp5 function as Wnt facilitators in the dorsal retina, we
analyzed dorso-ventral pattering in sfrp1a/5 MO injected embryos.
We analyzed the ventral markers aldh1a3, ephb3a, and vax2 at
Fig. 4. sfrp1a/sfrp5 positively regulate Wnt signaling. To determine the function of Sfrp proteins in regulating Wnt signaling, we examined wnt ligand mRNA expression and a
transgene reporter of Wnt signaling using whole mount in situ hybridization and quantitative PCR. In situ hybridization for eGFP mRNA in the Tg(TOP:dGFP) line shows a
decrease in eGFP expression in sfrp1a/5MO co-injected embryos, indicating a decrease in Wnt signaling at 28 hpf (A,B). The effects of Sfrp depletion on eGFP expression were
conﬁrmed using quantitative RT-PCR (C, nnn, po0.001). In situ hybridization of Wnt ligands wnt2 and wnt8b at 28 hpf show an expansion in the expression domain of wnt2
and wnt8b in the dorsal retina in sfrp1a/5 MO injected embryos (D–G). qRT-PCR conﬁrmed a 1.33 fold change in wnt2 and 1.38 fold change in wnt8b expression (H,
nnn, po0.005).
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28 hpf and observe mild increases in the expression domain of
aldh1a3 and vax2, with no overt difference in expression of ephb3a
when compared to wildtype (Fig. 5A–F). The results are more striking
at 48 hpf, a stage at which we observe signiﬁcant expansion of ventral
expression for aldh1a3 (prevalence: 44.5% þ/ 17.9, n¼36,
po0.0001) and vax2 (prevalence: 26.7% þ/ 22.9, n¼33,
po0.01) (Fig. 5M–P). In addition to ventral markers, we also
analyzed dorsal retina marker expression of aldh1a2, bambia and
tbx5a. Our data indicate a slight reduction in the expression domain
of aldh1a2 (prevalence: 52.1% þ/ 28.8, n¼42, po0.0001),
bambia (prevalence: 58.1% þ/ 20.7, n¼59, po0.0001) and tbx5a
(prevalence: 88.7% þ/ 10.5, n¼47, po0.0001) at 28 hpf (Fig. 5G–L).
Similar to the results of ventral marker analysis, the effects are more
obvious at 48 hpf, with embryos displaying a signiﬁcant reduction in
the expression domain of bambia (prevalence: 32.2%, n¼31, po0.01)
and tbx5a (prevalence: 30.1%, n¼23, po0.0001) (Fig. 5Q–T). To
validate such results, we chose to analyze expression of tbx5a, as its
expression at this stage is restricted to only the dorsal retina and
pectoral ﬁn bud. qRT-PCR from 28 hpf embryos demonstrate a 0.766
fold change (po0.0006) in tbx5a expression in sfrp1a/5 MO injected
embryos compared to controls (data not shown). We therefore
conclude that in the absence of sfrp1a/sfrp5 function, ventral retina
marker expression domains expand at the expense of dorsal markers.
This was most obvious at the later 48 hpf stage, when Wnt signaling
is known to be required for the maintenance of patterning. These
ﬁndings therefore further support the idea that sfrp1a and sfrp5
positively modulate Wnt signaling during retinal morphogenesis.
In addition to dorso-ventral patterning, we also analyzed the
consequence of sfrp1a/sfrp5 loss of function on naso-temporal pat-
terning. Examination of temporal and nasal markers foxd1 (n¼14)
and foxg1a (n¼17) indicates that sfrp1a and sfrp5 do not regulate
nasal-temporal patterning of the retina (Supplementary Fig. 5).
Sfrp-depleted embryos have reduced BMP signaling
BMP signaling is important both for initiation and maintenance
of dorsal retina markers, as well as the restriction of ventral retina
markers. Our data suggest that the zebraﬁsh retina is partially
ventralized in the absence of sfrp1a and sfrp5, but such phenotypes
are consistent with loss of either Wnt or BMP signaling. To
investigate changes in BMP signaling, we used a transgenic
zebraﬁsh strain, the Tg(BMPRE-AAV.Mlp:eGFP) line, which contains
a binding site (a BMP Responsive Element: 84 bp BMP Response
Element derived from mouse Id1 promoter) for phosphorylated
SMADs (Collery and Link, 2011). In situ hybridization analysis of
GFP mRNA in Tg(BMPRE-AAV.Mlp:eGFP) sfrp1a/sfrp5 MO injected
embryos reveals a decrease in retinal intensity of BMP signaling
(prevalence: 51.9% þ/ 2.7, n¼81, po0.0001) (Fig. 6A,B). Fluor-
escence confocal imaging was used to measure eGFP signal in
sfrp1a/5 MO injected and control eyes (Fig. 6C,D). Mean ﬂuores-
cence measurements indicate a 34.1% reduction in sfrp1a/5 MO
injected eyes compared to wildtype (þ/ 11.4, n¼ 28, po0.0001)
(Fig. 6E). Previous studies have demonstrated that loss of BMP
signaling results in a morphological groove in the dorsal retina
Fig. 5. sfrp1a/sfrp5 regulate retinal dorso-ventral patterning. To examine dorso-ventral retina patterning in sfrp1a/5 MO co-injected embryos, we employed in situ
hybridization of ventral marker genes aldh1a3, ephb3a and vax2, as well as dorsal markers aldh1a2, bambia, and tbx5a at 28 and 48 hpf. At 28 hpf, sfrp1a/5 MO injected
embryos display a normal domain of ventral markers compared to WT, though with slightly reduced levels (A–F). Analysis of 28 hpf dorsal retina patterning in sfrp1a/5 MO
embryos also demonstrates a decreased expression of markers (G–L). By 48 hpf, in comparison to controls, sfrp1a/5 MO injected embryos display an expansion of both
aldh1a3 and vax2 expression into the dorsal regions of the retina (M–P). Analysis at 48 hpf demonstrates a clear reduction of tbx5a and bambia expression domains and levels
in sfrp1a/5 MO injected embryos (Q–T).
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(French et al., 2009). We note the appearance of this dorsal groove
in 15.4% (n¼52) of sfrp1a/5 MO injected embryos examined at
48 hpf (Fig. 3D). Taken together, such data are consistent with Sfrp
proteins playing a key role in facilitating BMP signaling in the
dorsal retina.
One plausible explanation for reduced BMP signaling in sfrp1a/5
MO injected embryos is a reduction in Wnt activity. Blockade of
canonical Wnt signaling, as seen in heat-shock inducible Dkk1b
zebraﬁsh, causes a marked reduction in bmp2b, bmp4, and gdf6a
expression (Veien et al., 2008). Therefore, in addition to measuring
BMP signaling we also analyzed the expression of BMP ligands
known to be involved in retinal BMP signaling. In situ hybridiza-
tion of bmp2b, bmp4 and gdf6a reveals that despite a reduction in
BMP signaling, the expression domain of these BMP ligands is
expanded (prevalence: bmp2b: 90.9% þ/ 8.4, n¼89, po0.0001;
bmp4: 70.3% þ/ 17.1, n¼40, po0.0001; gdf6a: 94.2% þ/ 5.8,
n¼66, po0.0001) (Fig. 6 F–G, I–J, L–M). qRT-PCR of bmp2b and
bmp4 conﬁrmed the in situ hybridization results (bmp2b: 1.38 fold
change, po0.0001; bmp4: 1.47 fold change, po0.0001) (Fig. 6O).
This phenotype is in stark contrast to that seen in embryos
induced to overexpress the Wnt inhibitor dkk1b (Fig. 6H,K,M and
Veien et al., 2008). This ﬁnding suggests that sfrp1a and sfrp5 may
regulate BMP signaling independent of their facilitation of Wnt
signaling. As a test of this model, we examined BMP ligand
expression in embryos treated with Dorsomorphin, a pharmacolo-
gical inhibitor of BMP signaling. Similar to what is seen in sfrp1a/5
MO injected embryos, we note an increase in BMP ligand expres-
sion in Dorsomorphin-treated embryos (Supplementary Fig. 6). To
conﬁrm that Sfrp proteins are acting on BMP signaling, we
analyzed the expression of dorso-ventral patterning markers
tbx5a, bambia and vax2 during the Wnt-independent initiation
phase (15 hpf) of retinal morphogenesis (see Fig. 1). In 15 hpf
sfrp1a/sfrp5 MO injected embryos we observe a reduction in the
expression of tbx5a (prevalence: 58.7%, n¼46, po0.0001) and
bambia (prevalence: 50%, n¼48, po0.0001) while the expression
of ventral vax2 (n¼51) appears unaffected (Fig. 6 P-U). Since the
initiation of dorsal retina identity is BMP-dependent and Wnt-
independent (see Fig. 1), these results are consistent with an early
function for Sfrp1a/5 proteins in facilitating BMP signaling.
Sfrps act as BMP inhibitors at high concentrations
Our results, although similar to Esteve et al. (2011), run against
the original paradigm that Sfrp proteins function as inhibitors
of growth factor signaling. In the dorsal retina, sfrp1a/5 expression
is at low levels and based on our morpholino experiments,
Fig. 6. sfrp1a/sfrp5 positively regulate BMP signaling during retinal development. Given the observed alterations in dorsal retina marker gene expression, we sought to
investigate the activity of BMP signaling in Sfrp depleted retinas. We measured BMP pathway activity by employing a BMP responsive transgene, Tg(BMPRE-AAV.Mlp:eGFP),
which is abbreviated BMPRE:GFP. In situ hybridization for GFP mRNA, or ﬂuorescence microscopy results indicate that compared to WT, sfrp1a/5 MO co-injected embryos
display a marked decrease in GFP signal at 28 hpf (A–D). Measurements of mean retinal ﬂuorescence intensity indicate a signiﬁcant decrease in GFP signal in sfrp1a/5 MO
injected embryos (E, nnn, po0.0001). To assess expression of BMP ligand mRNAs, we conducted in situ hybridization of BMP ligands bmp2b, bmp4 and gdf6a at 28 hpf.
Compared to WT, sfrp1a/5MO injected embryos display an increase in BMP ligand expression (F–G, I–J, L–M). Conversely, inhibition of Wnt signaling by heat shock activation
of dkk1b, greatly reduces expression of bmp2b, bmp4 and gdf6a at 28 hpf (H,K,N). qRT-PCR of bmp2b and bmp4 conﬁrmed a 1.38 and 1.47 fold change in expression
respectively (O, nnn, po0.0001). To assess the functions of Sfrp proteins in the BMP-dependent initiation phase of retinal patterning, we conducted in situ hybridization for
bambia and tbx5a and ventral marker vax2 during the initiation of dorsal eye patterning at 15 hpf. Compared to WT, sfrp1a/5MO injected embryos display a decrease in tbx5a
and bambia expression levels and domain while vax2 appears unaffected (P–U).
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we conclude that this low level of expression allows Sfrp1a/5 to
function as facilitators of BMP and WNT signaling. In the ventral
retina, a region of high sfrp expression (see Fig. 2) is located in a
domain that lacks BMP signaling. In order to examine the func-
tions of this high level of Sfrp protein, we injected 100 pg sfrp5
mRNA into embryos and analyzed for dorso-ventral retina markers
and BMP signaling at 15 hpf. We used sfrp5 as it has been prev-
iously shown that sfrp5 mRNA causes a more severe phenotype
than sfrp1a (Peng and Westerﬁeld, 2006). In situ hybridizat-
ion analysis for GFP mRNA in the Tg(BMPRE-AAV.Mlp:eGFP) BMP
reporter line displayed a decrease in expression in sfrp5 mRNA
injected embryos (prevalence: 79.5% þ/ 10.6, n¼30, po0.0001)
(Fig. 7G–H,J). Furthermore, in situ hybridization for tbx5a (pre-
valence: 78% þ/ 2.8, n¼30, po0.0001) and bambia (prevalence:
87% þ/ 1.0, n¼55, po0.0001) showed a decrease in expression
levels (Fig. 7A–D,J). Conversely, the ventral maker vax2 shows both an
increase in expression levels and an expansion of domain (preva-
lence: 79% þ/ 2.3, n¼75, po0.0001) (Fig. 7E–F,J). qRT-PCR for
tbx5a indicated a 0.5 fold change in expression (po0.0001) (Fig. 7I).
These data are consistent with the model that ventral retina Sfrp5 can
act as a BMP inhibitor at high concentrations.
We assessed overall morphology of embryos injected with
100 pg sfrp5 mRNA at 22 hpf to determine if changes in eye
patterning could be due to morphological defects. We ﬁnd that
embryos have varying degrees of dorsalization suggesting dorso-
ventral axis defects, but that despite this, all embryos correctly
form eye tissue (Supplementary Fig. 7). This leads us to conclude
that any changes in retinal patterning genes in 100 pg mRNA
injected embryos are not due to morphological defects.
Sfrps act as facilitators of dorsal retina identity at low concentrations
We then wondered what the effect of low concentrations of
Sfrp5 would be. Sfrps have been known to modulate Wnt signaling
in a biphasic manner, where high concentrations inhibit and low
concentrations facilitate signaling (Uren et al., 2000). We reasoned
Fig. 7. Overexpressing a high dose of sfrp5 mRNA results in loss of dorsal and increase in ventral retina identity. Using in situ hybridization, we analyzed dorsal markers
bambia and tbx5a and the ventral marker vax2 at 15 hpf in embryos injected with 100 pg sfrp5 mRNA. Compared to WT, the levels of both tbx5a and bambia expression are
signiﬁcantly reduced in sfrp5 mRNA injected embryos (A–D) while vax2 shows both an increase in expression levels and an expansion of the domain (E–F). We measured
BMP signaling using the Tg(BMPRE-AAV.Mlp:eGFP) transgenic strain, which is abbreviated BMPRE:GFP. In situ hybridization for eGFP mRNA in 15 hpf embryos injected with
100 pg sfrp5mRNA indicates a decrease in BMP signaling compared to wildtype (G–H). Prevalence of change in expression for all probes was quantiﬁed and signiﬁcance was
assessed using Fisher0s Exact Test (J,nnn, po0.0001). qRT-PCR results for tbx5a expression at 15 hpf in sfrp5 mRNA injected embryos indicate a 0.5 fold change in expression
(I, nnn, po0.0001, Student0s t-test).
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that Sfrps may act in a similar manner to modulate BMP signaling.
We would therefore expect that injection of low concentrations of
sfrp5 mRNA would result in the facilitation of BMP signaling in the
dorsal eye, causing the subsequent expansion of dorsal retina
markers at the expense of ventral markers. To test this, we injected
1 pg sfrp5 mRNA into embryos and analyzed dorsal retina markers
and GFP expression in Tg(BMPRE-AAV.Mlp:eGFP) embryos at 15 hpf.
We ﬁnd that indeed, dorsal retina marker expression domains are
expanded while ventral marker domains are reduced, leading us to
conclude that low concentrations of Sfrps facilitate BMP signaling
in the dorsal eye. In situ hybridization analysis for GFP mRNA
in the Tg(BMPRE-AAV.Mlp:eGFP) reporter line shows an expansion
of the expression domain in sfrp5 mRNA injected embryos
(prevalence: 21.2% þ/ 1.47, n¼33, p¼0.0006) (Fig. 8G–H,J).
Additionally, in situ hybridization analysis of tbx5a (prevalence:
26.0% þ/ 1.90, n¼50, po0.0001) and bambia (prevalence:
30% þ/ 1.86, n¼50, po0.0001) (Fig. 8A–D,J) shows an expanded
domain in the dorsal retina, while analysis of vax2 expression reveals
a signiﬁcant reduction of the domain in the ventral eye (prevalence:
30% þ/ 1.8, n¼50, po0.0001) (Fig. 8E–F,J). qRT-PCR for tbx5a
indicates an average fold change of 1.17 (po0.0061) (Fig. 8I). These
results support the model that low concentrations of endogenous
Sfrp5 present in the dorsal retina can facilitate BMP signaling.
To assess the possibility that morphological defects are respon-
sible for the changes in retinal patterning genes that we observe, we
analyzed the overall morphology of embryos injected with 1 pg
sfrp5 mRNA at 22 hpf. We ﬁnd that sfrp5 mRNA injected embryos
show no change in phenotype compared to the uninjected controls
(Supplementary Fig. 8) and therefore conclude that any change in
retinal patterning is not due to a change in morphology.
Discussion
Our examination of sfrp1a and sfrp5 function during zebraﬁsh
retinal morphogenesis and patterning reveals roles in regulation of
both Wnt and BMP signaling pathways. Analysis of dorso-ventral
marker expression in sfrp1a/sfrp5 morpholino oligonucleotide (MO)
Fig. 8. Injection of low dose (1 pg) of sfrp5 mRNA causes an increase in dorsal marker gene expression and BMP signaling. We used in situ hybridization to assess dorsal
markers bambia and tbx5a and the ventral marker vax2 at 15 hpf in embryos injected with 1 pg sfrp5 mRNA. Both tbx5a and bambia expression domains are expanded in
sfrp5 mRNA injected embryos compared to wildtype (A–D) while the vax2 domain is signiﬁcantly reduced (E–F). We measured BMP signaling using the Tg(BMPRE-AAV.Mlp:
eGFP) transgenic strain. In situ hybridization for eGFP mRNA in 15 hpf embryos injected with 1 pg sfrp5 mRNA indicate an increase in BMP signaling compared to wildtype
(G–H). Prevalence of change in expression for all probes was quantiﬁed and signiﬁcance was assessed using Fisher0s Exact Test (J, nnn, po0.0001). qRT-PCR results for tbx5a
expression at 15 hpf in sfrp5 mRNA injected embryos indicate a 1.17 fold change in expression (I, nn, po0.01, Student0s t-test).
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injected embryos is consistent with retinal ventralization (Fig. 5).
With the use of transgenic reporter lines, we have also shown that
BMP and Wnt signaling is diminished in the absence of sfrp1a/sfrp5
activity (Figs. 4 and 6). BMP signaling initiates dorsal retina
patterning, while Wnt signaling is required during the subsequent
maintenance phase (Fig. 1) (Veien et al., 2008). In our MO injected
embryos, we observe a reduction of dorsal identity at 15 hpf,
indicative of sfrp1a/sfrp5 function during the BMP-dependent initia-
tion phase (Fig. 6). Furthermore, the loss of proper dorso-ventral
patterning also results in aberrant retina morphogenesis and
the failure of choroid ﬁssure fusion with a subsequent coloboma
phenotype (Fig. 3). We therefore conclude that sfrp1a/sfrp5 act co-
operatively to activate and maintain BMP and Wnt signaling during
initiation and maintenance of retinal morphogenesis and dorsal–
ventral patterning.
Morpholino knockdown of sfrp1 or sfrp5 in Medaka produces
phenotypes including microphthalmia or anophthalmia, consis-
tent with function as Wnt antagonists during eye ﬁeld speciﬁca-
tion (Lopez-Rios et al., 2008; Ruiz et al., 2009). In contrast, we
observe only a minimal alteration in eye size in zebraﬁsh injected
with sfrp1a/sfrp5 morpholinos (Fig. 3). Although it is possible that
such results reﬂect species-dependent effects, a more plausible
explanation involves a key difference in our methodology. In
our study, inhibition of sfrp1a and sfrp5 was achieved primarily
through the use of splice-blocking morpholinos, thereby targeting
only zygotically expressed genes and bypassing early requirements
for Sfrp1a/5 proteins during gastrulation. As maternally deposited
zebraﬁsh sfrp1a functions as a Wnt antagonist in deﬁning the
embryonic dorsal–ventral axis (Lu et al., 2011), the use of transla-
tion blocking morpholinos in Medaka blocks both maternal and
zygotic sfrp1a/sfrp5, and could plausibly result in very different
effects than methods targeting only zygotic transcript.
While originally identiﬁed as Wnt inhibitors, Sfrps have recently
been shown to act as facilitators of Wnt signaling (Esteve et al.,
2011; Lopez-Rios et al., 2008; Mii and Taira, 2009). Our ﬁndings
indicate that in the absence of sfrp1a/sfrp5 function, Wnt signaling,
as observed using the Tg(TOP:dGFP) line, is clearly attenuated. Co-
injection of ﬂuorescently-tagged Wnt8 and Sfrp (Frzb) proteins
increased the spread of Wnt8 in the Xenopus gastrula, as compared
to Wnt8 injected alone (Mii and Taira, 2011). Furthermore, expres-
sion of murine Sfrp1 in Drosophila imaginal wing discs increased the
extracellular diffusion of Wingless (Wg, a Wnt ortholog) (Esteve
et al., 2011). Inhibition of Sfrp function, as seen in Sfrp1 /;Sfrp2 /
mouse mutants, prevented proper diffusion of tagged Wnt11 in
retina explants (Esteve et al., 2011). These latest ﬁndings, along with
research that showed a correlation between Sfrp and β-catenin
levels in hematopoietic stem cells (Renstrom et al., 2009), suggest
that Sfrp functions in certain tissues as facilitators of Wnt signaling.
In support of this model, Sfrps contain both Wnt-binding and
Fz-binding domains (Bovolenta et al., 2008; Lin et al., 1997;
Lopez-Rios et al., 2008; Uren et al., 2000), which are hypothesized
to aid Wnt–Fz interaction by bringing the receptor and ligand in
close proximity (Bovolenta et al., 2008).
Although almost exclusively linked with Wnt signaling, additional
evidence is building that Sfrps inﬂuence other important signaling
pathways. In particular, Sfrps have been linked to BMP signaling.
The ﬁrst Sfrp identiﬁed as a BMP antagonist was Sizzled, which was
characterized as a dorsalizing factor in the ogon mutant zebraﬁsh
(Muraoka et al., 2006). Sizzled function as a BMP inhibitor was
conﬁrmed by dorsalization phenotypes resulting from sizzled mis-
expression, and rescue of ogon mutants by inhibiting BMP signaling
(Lee et al., 2006). In contrast to the proposed functions of Sizzled, our
study suggests that sfrp1a and sfrp5 positively regulate BMP signaling
during retinal development. In the absence of their function
we observe a decrease in phosphorylated SMAD signaling, as
observed in the Tg(BMPRE-AAV.Mlp:eGFP) line, as well as decreased
expression of BMP target genes tbx5a and bambia during initiation of
dorsal retina identity (Fig. 6). Furthermore, sfrp1a/5 morpholino
injected embryos possess a morphological groove in the dorsal
retina, a phenotype that is highly similar to the BMP mutant
gdf6a / , and not seen in embryos overexpressing dkk1b.
An outstanding question remains as to how sfrp1a/5 regulate
BMP signaling. The Sfrp sizzled is an inhibitor of Tolloid, a
chordinase that degrades the BMP inhibitor Chordin (Lee et al.,
2006). Crescent, a Xenopus Sfrp for which no zebraﬁsh ortholog
has been identiﬁed, is able to inhibit Tolloid digestion of Chordin
(Ploper et al., 2011). Mammalian Sfrp2 also binds Tolloid and
potentially acts as an inhibitor (Ploper et al., 2011). In contrast to
sizzled and crescent, our study shows that sfrp1a/sfrp5 function as
BMP facilitators and as such likely do not inhibit Tolloid. We
speculate that sfrp1a/sfrp5 may facilitate BMP ligand diffusion or
modify ligand access to the extracellular matrix, by regulating
metalloproteinases, and therefore enhance BMP signaling activa-
tion. Previous studies have shown that Sfrps can facilitate the
diffusion of Wnt ligands, suggesting that Sfrps may also modulate
diffusion of BMP ligands (Mii and Taira, 2011).
Although BMP signaling is reduced in sfrp1a/sfrp5 morpholino
injected embryos, we observe an increase in the expression of
Wnt and BMP ligands (Figs. 4 and 6). This suggests the existence
of a feed-back loop regulating Wnt and BMP ligand expression.
Previous studies have predicted that BMP ligand expression is
regulated in a feed-forward manner. For example, embryos lacking
gdf6a, a BMP ligand, display a reduction in other ligands such
as bmp2b and bmp4 (French et al., 2009; Gosse and Baier, 2009).
However, when BMP signaling is inhibited at the level of receptor
activation (dorsomorphin treatment, Supplementary Fig. 6), BMP
ligand expression is enhanced, thus indicating a feed-back regula-
tion of BMP ligand expression. We observe similar results in
sfrp1a/sfrp5 depleted embryos (Fig. 6), indicating that Sfrps mod-
ulate BMP signaling at the receptor level and therefore likely
regulate BMP ligand diffusion and or function. Although the mech-
anism of such regulation remains to be elucidated, it is clear that
this represents an additional method by which Sfrp proteins can
inﬂuence growth factor signaling.
In our sfrpmorpholino injected embryos we observe signiﬁcant
alterations in dorsal retina identity as well as both Wnt and BMP
signaling. Yet, sfrp1a and sfrp5 are predominantly expressed in the
ventral retina. Analysis of Sfrp function in Drosophila suggests that
Sfrps can function as Wnt inhibitors at high levels, and facilitators
at low levels (Uren et al., 2000). Sfrp proteins are known to be
secreted, suggesting that sfrp1a/5 function is not constrained by its
expression domain. As such, we suggest that diffusion of Sfrp
1a/5 from the ventral retina supplies the dorsal retina with a low
level of extracellular Sfrp protein, which facilitates both Wnt and
BMP signaling (Fig. 9). Such a model is consistent with the results
observed from overexpression of 1 pg of sfrp5mRNA, which causes
a signiﬁcant expansion of dorsal marker gene expression domains
and an increase in BMP signaling during the initiation phase of
retinal patterning (Fig. 8). On the other hand, the ventral retina
expresses high levels of sfrp1a/5 mRNA, allowing Sfrps to interact
in a concentration-dependent manner as an inhibitor of signal-
ing in the ventral retina. In accord with this, overexpression of
high doses (100 pg) of sfrp5 mRNA resulted in a reduction of
BMP signaling in the dorsal retina and a decrease in dorsal marker
gene expression levels as well as an expansion of ventral identity
(Fig. 7). Overall, our data is consistent with a model in which low
concentrations of Sfrp1a/5 enhance BMP signaling in the dorsal
retina and higher levels function to restrict BMP signaling in the
ventral retina (Fig. 9). In conclusion, our analysis of sfrp1a and
sfrp5 function during retinal development has revealed a novel
and unexpected regulatory mechanisms for the initiation and
maintenance of dorso-ventral identity.
V.L. Holly et al. / Developmental Biology 388 (2014) 192–204202
Acknowledgments
We wish to acknowledge the excellent zebraﬁsh husbandry of
Ms. Aleah McCorry. Ms. Laura Pillay was instrumental in assisting
with the qPCR experimental designs. Ms. Caroline Cheng shared
her expertise in statistical analysis. This research was supported by
a discovery grant from NSERC and an operating grant from CIHR.
Appendix A. Supporting information
Supplementary data associated with this article can be found in
the online version at http://dx.doi.org/10.1016/j.ydbio.2014.01.012.
References
Adler, R., Belecky-Adams, T.L., 2002. The role of bone morphogenetic proteins in the
differentiation of the ventral optic cup. Development 129, 3161–3171.
Barbieri, A.M., Lupo, G., Bulfone, A., Andreazzoli, M., Mariani, M., Fougerousse, F.,
Consalez, G.G., Borsani, G., Beckmann, J.S., Barsacchi, G., Ballabio, A., Banﬁ, S.,
1999. A homeobox gene, vax2, controls the patterning of the eye dorsoventral
axis. Proc. Natl. Acad. Sci. U. S. A. 96, 10729–10734.
Behesti, H., Holt, J.K., Sowden, J.C., 2006. The level of BMP4 signaling is critical for
the regulation of distinct T-box gene expression domains and growth along the
dorso-ventral axis of the optic cup. BMC Dev. Biol. 6, 62.
Bovolenta, P., Esteve, P., Ruiz, J.M., Cisneros, E., Lopez-Rios, J., 2008. Beyond Wnt
inhibition: new functions of secreted Frizzled-related proteins in development
and disease. J. Cell Sci. 121, 737–746.
Collery, R.F., Link, B.A., 2011. Dynamic smad-mediated BMP signaling revealed
through transgenic zebraﬁsh. Dev. Dyn. 240, 712–722.
Dorsky, R.I., Sheldahl, L.C., Moon, R.T., 2002. A transgenic Lef1/beta-catenin-
dependent reporter is expressed in spatially restricted domains throughout
zebraﬁsh development. Dev. Biol. 241, 229–237.
Ekker, S.C., Ungar, A.R., Greenstein, P., von Kessler, D.P., Porter, J.A., Moon, R.T.,
Beachy, P.A., 1995. Patterning activities of vertebrate hedgehog proteins in the
developing eye and brain. Curr. Biol. 5, 944–955.
Esteve, P., Sandonis, A., Ibanez, C., Shimono, A., Guerrero, I., Bovolenta, P., 2011.
Secreted frizzled-related proteins are required for Wnt/beta-catenin signalling
activation in the vertebrate optic cup. Development 138, 4179–4184.
French, C.R., Erickson, T., French, D.V., Pilgrim, D.B., Waskiewicz, A.J., 2009. Gdf6a is
required for the initiation of dorsal–ventral retinal patterning and lens devel-
opment. Dev. Biol. 333, 37–47.
Gongal, P.A., Waskiewicz, A.J., 2008. Zebraﬁsh model of holoprosencephaly demon-
strates a key role for TGIF in regulating retinoic acid metabolism. Hum. Mol.
Genet. 17, 525–538.
Gosse, N.J., Baier, H., 2009. An essential role for Radar (Gdf6a) in inducing dorsal
fate in the zebraﬁsh retina. Proc. Natl. Acad. Sci. U. S. A. 106, 2236–2241.
Houart, C., Caneparo, L., Heisenberg, C., Barth, K., Take-Uchi, M., Wilson, S., 2002.
Establishment of the telencephalon during gastrulation by local antagonism of
Wnt signaling. Neuron 35, 255–265.
Kim, H.S., Shin, J., Kim, S.H., Chun, H.S., Kim, J.D., Kim, Y.S., Kim, M.J., Rhee, M., Yeo, S.Y.,
Huh, T.L., 2007. Eye ﬁeld requires the function of Sfrp1 as a Wnt antagonist.
Neurosci. Lett. 414, 26–29.
Kimmel, C.B., Ballard, W.W., Kimmel, S.R., Ullmann, B., Schilling, T.F., 1995. Stages of
embryonic development of the zebraﬁsh. Dev. Dyn. 203, 253–310.
Koshiba-Takeuchi, K., Takeuchi, J.K., Matsumoto, K., Momose, T., Uno, K., Hoepker,
V., Ogura, K., Takahashi, N., Nakamura, H., Yasuda, K., Ogura, T., 2000. Tbx5 and
the retinotectum projection. Science 287, 134–137.
Kruse-Bend, R., Rosenthal, J., Quist, T.S., Veien, E.S., Fuhrmann, S., Dorsky, R.I., Chien,
C.B., 2012. Extraocular ectoderm triggers dorsal retinal fate during optic vesicle
evagination in zebraﬁsh. Dev. Biol. 371, 57–65.
Lee, H.X., Ambrosio, A.L., Reversade, B., De Robertis, E.M., 2006. Embryonic dorsal-
ventral signaling: secreted frizzled-related proteins as inhibitors of tolloid
proteinases. Cell 124, 147–159.
Lemke, G., Reber, M., 2005. Retinotectal mapping: new insights from molecular
genetics. Annu. Rev. Cell. Dev. Biol. 21, 551–580.
Leyns, L., Bouwmeester, T., Kim, S.H., Piccolo, S., De Robertis, E.M., 1997. Frzb-1 is a
secreted antagonist of Wnt signaling expressed in the Spemann organizer. Cell
88, 747–756.
Li, Y., Rankin, S.A., Sinner, D., Kenny, A.P., Krieg, P.A., Zorn, A.M., 2008. Sfrp5
coordinates foregut speciﬁcation and morphogenesis by antagonizing both
canonical and noncanonical Wnt11 signaling. Genes Dev. 22, 3050–3063.
Lin, K., Wang, S., Julius, M.A., Kitajewski, J., Moos , M., Luyten, F.P., 1997. The
cysteine-rich frizzled domain of Frzb-1 is required and sufﬁcient for modula-
tion of Wnt signaling. Proc. Natl. Acad. Sci. U. S. A. 94, 11196–11200.
Lopez-Rios, J., Esteve, P., Ruiz, J.M., Bovolenta, P., 2008. The Netrin-related domain of
Sfrp1 interacts with Wnt ligands and antagonizes their activity in the anterior
neural plate. Neural Dev. 3, 19.
Lu, F.I., Thisse, C., Thisse, B., 2011. Identiﬁcation and mechanism of regulation of the
zebraﬁsh dorsal determinant. Proc. Natl. Acad. Sci. U. S. A. 108, 15876–15880.
Mii, Y., Taira, M., 2009. Secreted frizzled-related proteins enhance the diffusion of
Wnt ligands and expand their signalling range. Development 136, 4083–4088.
Mii, Y., Taira, M., 2011. Secreted Wnt “inhibitors” are not just inhibitors: regulation
of extracellular Wnt by secreted frizzled-related proteins. Dev. Growth Differ.
53, 911–923.
Muraoka, O., Shimizu, T., Yabe, T., Nojima, H., Bae, Y.K., Hashimoto, H., Hibi, M.,
2006. Sizzled controls dorso-ventral polarity by repressing cleavage of the
Chordin protein. Nat. Cell Biol. 8, 329–338.
Peng, G., Westerﬁeld, M., 2006. Lhx5 promotes forebrain development and
activates transcription of secreted Wnt antagonists. Development 133,
3191–3200.
Pillay, L.M., Forrester, A.M., Erickson, T., Berman, J.N., Waskiewicz, A.J., 2010. The
Hox cofactors Meis1 and Pbx act upstream of gata1 to regulate primitive
hematopoiesis. Dev. Biol. 340, 306–317.
Ploper, D., Lee, H.X., De Robertis, E.M., 2011. Dorsal–ventral patterning: crescent is a
dorsally secreted Frizzled-related protein that competitively inhibits Tolloid
proteases. Dev Biol. 352, 317–328.
Rembold, M., Loosli, F., Adams, R.J., Wittbrodt, J., 2006. Individual cell migration
serves as the driving force for optic vesicle evagination. Science 313, 1130–1134.
Renstrom, J., Istvanffy, R., Gauthier, K., Shimono, A., Mages, J., Jardon-Alvarez, A., Kroger,
M., Schiemann, M., Busch, D.H., Esposito, I., Lang, R., Peschel, C., Oostendorp, R.A.,
2009. Secreted frizzled-related protein 1 extrinsically regulates cycling activity and
maintenance of hematopoietic stem cells. Cell Stem Cell. 5, 157–167.
Ruiz, J.M., Rodriguez, J., Bovolenta, P., 2009. Growth and differentiation of the retina and
the optic tectum in the medaka ﬁsh requires olSfrp5. Dev. Neurobiol. 69, 617–632.
Sakuta, H., Suzuki, R., Takahashi, H., Kato, A., Shintani, T., Iemura, S., Yamamoto, T.S.,
Ueno, N., Noda, M., 2001. Ventroptin: a BMP-4 antagonist expressed in a
double-gradient pattern in the retina. Science 293, 111–115.
Fig. 9. Sfrp functions to regulate dorso-ventral retina patterning. Dorsal retina
identity requires BMP and Wnt signaling to drive expression of dorsal genes such at
tbx5a and bambia. During the initiation phase of dorsal retina identity (A;15 hpf),
extraocular BMP ligands activate marker genes (bambia and tbx5a) in the adjacent
optic cup. The presumptive dorsal domain of the retina is denoted with dark purple
shading. The activity of BMP in this phase of retinal patterning is facilitated by the
activity of Sfrp1a and Sfrp5 (dotted blue lines). At 28 hpf (B), dorsal retina identity
(dark purple shading) is maintained by the combined activities of Wnt and BMP
signaling. sfrp1a/5 are expressed in the ventral retina and the proteins diffuse
across the retina toward the dorsal BMP expression domain. At low concentrations
found in the dorsal retina, Sfrp1a/Sfrp5 can enhance both Wnt and BMP activity
and therefore facilitate levels and/or extend the boundaries of BMP signaling.
V.L. Holly et al. / Developmental Biology 388 (2014) 192–204 203
Sasagawa, S., Takabatake, T., Takabatake, Y., Muramatsu, T., Takeshima, K., 2002.
Axes establishment during eye morphogenesis in Xenopus by coordinate and
antagonistic actions of BMP4, Shh, and RA. Genesis 33, 86–96.
Schulte, D., Furukawa, T., Peters, M.A., Kozak, C.A., Cepko, C.L., 1999. Misexpression
of the Emx-related homeobox genes cVax and mVax2 ventralizes the retina and
perturbs the retinotectal map. Neuron 24, 541–553.
Scicolone, G., Ortalli, A.L., Carri, N.G., 2009. Key roles of Ephs and ephrins in
retinotectal topographic map formation. Brain Res. Bull. 79, 227–247.
Stoick-Cooper, C.L., Weidinger, G., Riehle, K.J., Hubbert, C., Major, M.B., Fausto, N.,
Moon, R.T., 2007. Distinct Wnt signaling pathways have opposing roles in
appendage regeneration. Development 134, 479–489.
Tendeng, C., Houart, C., 2006. Cloning and embryonic expression of ﬁve distinct sfrp
genes in the zebraﬁsh Danio rerio. Gene Expr. Patterns 6, 761–771.
Thomsen, G.H., 1997. Antagonism within and around the organizer: BMP inhibitors
in vertebrate body patterning. Trends Genet. 13, 209–211.
Uren, A., Reichsman, F., Anest, V., Taylor, W.G., Muraiso, K., Bottaro, D.P., Cumber-
ledge, S., Rubin, J.S., 2000. Secreted frizzled-related protein-1 binds directly to
Wingless and is a biphasic modulator of Wnt signaling. J. Biol. Chem. 275,
4374–4382.
Veien, E.S., Rosenthal, J.S., Kruse-Bend, R.C., Chien, C.B., Dorsky, R.I., 2008. Canonical
Wnt signaling is required for the maintenance of dorsal retinal identity.
Development 135, 4101–4111.
Wang, S., Krinks, M., Lin, K., Luyten, F.P., Moos , M., 1997. Frzb, a secreted protein
expressed in the Spemann organizer, binds and inhibits Wnt-8. Cell 88,
757–766.
Zhang, X.M., Yang, X.J., 2001. Temporal and spatial effects of Sonic hedgehog
signaling in chick eye morphogenesis. Dev. Biol. 233, 271–290.
Zhou, C.J., Molotkov, A., Song, L., Li, Y., Pleasure, D.E., Pleasure, S.J., Wang, Y.Z., 2008.
Ocular coloboma and dorsoventral neuroretinal patterning defects in Lrp6
mutant eyes. Dev. Dyn. 237, 3681–3689.
Zhou, C.J., Wang, Y.Z., Yamagami, T., Zhao, T., Song, L., Wang, K., 2010. Generation of
Lrp6 conditional gene-targeting mouse line for modeling and dissecting
multiple birth defects/congenital anomalies. Dev. Dyn. 239, 318–326.
V.L. Holly et al. / Developmental Biology 388 (2014) 192–204204
